At birth, the mechanical environment of valves changes radically as fetal shunts close and pulmonary and systemic vascular resistances change. Given that valves are reported to be mechanosensitive, we investigated remodeling induced by perinatal changes by examining compositional and structural differences of aortic and mitral valves (AVs, MVs) between 2-day-old and 3rd fetal trimester porcine valves using immunohistochemistry and Movat pentachrome staining. Aortic valve composition changed more with birth than the MV, consistent with a greater change in AV hemodynamics. At 2 days, AV demonstrated a trend of greater versican and elastin (P 5 0.055), as well as greater hyaluronan turnover (hyaluronan receptor for endocytosis, P 5 0.049) compared with the 3rd-trimester samples. The AVs also demonstrated decreases in proteins related to collagen synthesis and fibrillogenesis with birth, including procollagen I, prolyl 4-hydroxylase, biglycan (all P 0.005), and decorin (P 5 0.059, trend). Both AVs and MVs demonstrated greater delineation between the leaflet layers in 2-day-old compared with 3rd-trimester samples, and AVs demonstrated greater saffron-staining collagen intensity, suggesting more mature collagen in 2-day-old compared with 3rd-trimester samples (each P , 0.05). The proportion of saffron-staining collagen also increased in AV with birth (P , 0.05). The compositional and structural changes that occur with birth, as noted in this study, likely are important to proper neonatal valve function. Furthermore, normal perinatal changes in hemodynamics often do not occur in congenital valve disease; the corresponding perinatal matrix maturation may also be lacking and could contribute to poor function of congenitally malformed valves.
INTRODUCTION
At birth, the body undergoes a number of profound changes, 1 of which includes a dramatic restructuring of the circulation. No longer able to rely on the placenta for oxygenation, circulation in the neonate is redirected: fetal shunts, such as the ductus venosus, foramen ovale, and ductus arteriosus, begin to close and blood flow to the nascent lungs greatly increases [1] . The systemic vascular resistance also significantly increases, along with the pressures of the left side of the heart [1, 2] . Although the right side of the heart dominates during fetal life, with greater cardiac output than that in the left side of the heart [3] , with birth the left side of the heart becomes predominant because it is responsible for the blood flow to the rest of the body. Such a substantial and abrupt change in hemodynamics undoubtedly affects the heart valves, which are essential components of the heart and are responsible for the propagation of blood flow, but this topic has not been widely studied.
Heart valves are essential to proper heart function. Once thought to be passive flaps, heart valves are now known to be complex structures, complete with their own vasculature [4] and nerves [5] , that actively participate in heart function and cardiac pathologies [6, 7] . Additionally, heart valves dynamically respond to their mechanical environment. Studies have shown that extracellular matrix production and valve cell phenotype in adult valves changes in response to altered mechanical stimulation [8] [9] [10] . Although investigation of valve composition and valve cell phenotype in developing valves has been limited, it has been demonstrated that valve composition changes during fetal development [11, 12] and continues to mature after birth [13, 14] . Fetal valves also demonstrate altered composition that correlates with changes in their mechanical environment [15] . However, how this dramatic change in hemodynamics that occurs with birth affects valve structure and composition has not been studied in detail. Given the mechanosensitive nature of valves that has been extensively studied in adult valves [16] [17] [18] [19] , as well as evidence that valve composition changes during fetal and postnatal development, we hypothesized that these perinatal events drive changes in mitral and aortic valve (MV, AV) composition and valve cell phenotype.
Further understanding of normal valve changes around birth not only would add to fundamental knowledge of developmental cardiac physiology but also would contribute to the field of congenital heart disease. Heart valves are malformed in the majority of congenital heart disease cases [20] , posing a considerable burden for pediatric patients. With current valve replacements and repair options inadequate for many patients [21, 22] , research is under way to develop tissue-engineered heart valves. Given that pediatric heart valves have unique, age-specific tissue and cell phenotypes compared with older valves [23, 24] , tissue-engineered heart valves for neonates will require knowledge of valve compositional changes surrounding the birth event. Additionally, understanding the normal perinatal development of valves could lead to other types of interventions for this vulnerable population.
To this end, AVs and MVs from 3rd-trimester pigs and 2-day-old pigs were analyzed to assess differences in leaflet structure and extracellular matrix composition, namely elastin, collagen types I and III, regulatory proteins related to collagen synthesis and turnover, proteoglycans, and glycosaminoglycans.
METHODS

Tissue procurement and sample preparation
Hearts from 3rd-trimester pigs and 2-day-old pigs were obtained within 24 hours of death (3rd trimester obtained from Animal Technologies [Tyler, TX, USA] and 2-dayold obtained from Baylor College of Medicine [Houston, TX, USA]); all were conventional cross-bred pigs. The specific time point within the 3rd trimester from which those valves were taken is unknown. The animal sample set included AVs from 4 3rd-trimester pigs and MVs from 3 3rd-trimester pigs and AVs and MVs from four 2-dayold pigs. Multiple tissue strips were taken from the valve of each animal. The study protocol was approved by the Animal Care and Use Committee of Baylor College of Medicine and was conducted in accordance with National Institutes of Health guidelines. The AV leaflets and the anterior leaflet of the MV, along with accompanying myocardium, were dissected from the hearts (Fig. 1A) . Tissues were fixed overnight in 10% formalin, embedded in paraffin, sectioned to a thickness of 5 mm, and mounted on slides according to standard procedures. Samples of human congenitally diseased valves were also obtained at the time of surgery and similarly prepared. The research use of these tissues was approved by the Institutional Review Boards at Rice University and Texas Children's Hospital in Houston, TX.
Histology and immunohistochemistry
Each sample was stained histologically with Movat pentachrome to demonstrate the relative distribution of collagen, glycosaminoglycans, proteoglycans, and elastic fibers. Each sample was also stained immunohistochemically for markers involved in the synthesis and turnover of collagen, including procollagen I (Col I) [25] and procollagen III (Col III) [25] (antibodies LF-41 and  LF-69, gifts of Dr Larry Fisher, National Institutes of  Health [NIH] , Bethesda, MD, USA), prolyl 4-hydroxylase (P4H, MAB2701, Chemicon, Temecula, CA, USA), matrix metalloproteinase 13 (MMP13, MAB3321, Chemicon), and periostin (MAB3548, R&D Systems, Minneapolis, MN, USA). Collagen I is the predominant collagen found in adult valves [26] and is responsible for the valve's tensile strength, whereas collagen III is a reticular collagen. Prolyl 4-hydroxylase is an enzyme located in the rough endoplasmic reticulum that is required for the critical step of proline hydroxylation in collagen fiber synthesis [27] . Matrix metalloproteinase 13 is a major enzyme responsible for collagen degradation. The quantity of elastin, the major component of elastic fibers that are necessary for valve recoil, was also assessed via immunohistochemistry (ab9519, Abcam, Cambridge, MA, USA). Periostin is an adhesion molecule of the fasciclin family [28] that appears to modulate collagen fibrillogenesis [29] and has been shown to play a role in valve development [28] , as well as cardiac remodeling [30, 31] . Immunohistochemistry was also performed for the proteoglycans decorin (DCN) and biglycan (BGN) (antibodies LF-122 and LF-104, gifts of Dr Larry Fisher, National Institutes of Health [NIH], Bethesda, MD, USA), both involved in collagen fibrillogenesis [32] . Immunohistochemistry was performed for the large proteoglycan versican (VC, antibody 2-B-1, Associates of Cape Cod, Falmouth, MA, USA), which is involved in elastic fiber formation [33] and is also necessary for several early events in valvulogenesis [34] . The abundance of the glycosaminoglycan hyaluronan (HA), which like VC is necessary for valvulogenesis [35] , was assessed using HA-binding protein [36] (400763-1, Associates of Cape Cod). Hyaluronan turnover was assessed by immunohistochemistry for HA receptor for endocytosis (HARE) [37] (antibody mab159, gift of Dr Paul Weigel, University Oklahoma Health Science Center, Oklahoma City, OK, USA). Representative sections were also stained for CD44 (F10-44-2, Abcam), a cell-surface receptor for HA, lysyl oxidase (LOX, IMX-5121, Imgenex, San Diego, CA, USA), which is involved in both elastic and collagen fiber cross-linking, and transforming growth factor-beta (TGFb, 5559-100, Biovision, Mountain View, CA, USA), a growth factor involved in valve cell activation.
Immunohistochemistry staining intensity was quantified within each histologic layer (ventricularis, atrialis [MV only], spongiosa, and fibrosa) and leaflet region (annulus and midleaflet [spongiosa evaluated in midleaflet only]) using ImageJ software (NIH). Semiquantitative grading (on a scale from 0 to 4, in which 0 was minimum) was also performed on blinded Movat-stained sections to evaluate delineation between leaflet layers and intensity of saffron-staining collagen. The fraction of leaflet composed of saffron-staining collagen was also estimated from blinded Movat-stained sections. Percent change in protein intensity was calculated as the difference in intensities between the 2 groups relative to 3rd-trimester intensities. For purposes of comparisons between AV and MV, the ventricularis of the AV was considered analogous to the elastin-rich atrialis of the MV.
Statistical analysis
Multifactorial analysis of variance was performed using SigmaStat (SPSS, Chicago, IL, USA). When the data were normally distributed, an analysis of variance test was used. When the data set was not normally distributed, a rank transform was performed before the analysis of variance test. In both cases, the level of significance was set at 0.05. Correlations between staining intensities of different proteins within individual leaflet layers, regions, and segments (to assess protein colocalization) were calculated using a Pearson rank order test if the data were normally distributed and a Spearman rank order correlation test if they were not. For correlations between intensities of different proteins, the level of significance was reduced to account for the large number of proteins being considered, and, thus, P 0.015 was considered a trend and P 0.0056 considered statistically significant.
RESULTS
Perinatal changes in valve structure
Movat-stained sections demonstrated, to varying degrees, the layered structure of the valve leaflets, namely, the collagen-rich fibrosa layer, the glycosaminoglycan-rich spongiosa in the middle, and a layer rich in elastic fibers on the leaflets' inflow surface. These sections also revealed substantial changes in valve structure with birth ( Fig. 1B) , including increases in leaflet layer delineation, the intensity of saffron-staining collagen, and the proportion of the valve leaflet thickness composed of saffron-staining collagen (Fig. 2 ). In the AV, these structural changes with birth were all statistically significantly different (delineation P , 0.001 [221% increase], saffron-collagen intensity P 5 0.029 [106% increase], fraction saffron-staining collagen P 5 0.019 [57% increase]). In the MV, however, only the increase in leaflet layer delineation was statistically significant (P 5 0.027, 127% increase).
Perinatal changes in valve composition
Elastin and VC in the AV midleaflet tended to be greater in the 2-day-old age group than in the 3rd-trimester age group (36% and 61% increases, respectively, overall P 5 0.055) ( Fig. 3 ). There was no significant change in the annular region. Hyaluronan receptor for endocytosis, involved in HA turnover, was greater in the AV annulus and midleaflet of the 3rd-trimester group than in the 2-day-old group (47% decrease, P 5 0.049) ( Fig. 4 ), although no significant difference between age groups was noted for HA. The midleaflet of the AV in the 3rdtrimester group demonstrated greater expression of Col I (52% decrease, P , 0.001) ( Fig. 5 ), P4H (33% decrease, P 5 0.005), BGN (43% decrease, P , 0.001), and DCN (36% decrease, P 5 0.059, trend), which are involved in collagen fibrillogenesis, among other biologic and mechanical roles [32] . The ratio of Col III to Col I was also found to increase with birth for both the midleaflet and annular regions of the AV (P 5 0.037 and P 5 0.002); no significant change was found in the MV. However, MMP13 in the midleaflet and annulus of 2-dayold MVs was greater than MMP13 in the midleaflet and annulus of the 3rd-trimester MVs (27% increase, P 5 0.023). Procollagen III displayed no significant difference between age groups for either MVs or AVs. Although periostin appeared to increase with birth in both MVs and AVs, the change was not statistically significant. Unlike in the AVs, which demonstrated significant perinatal changes in a number of matrix components, in the MVs only MMP13 showed evidence of significant perinatal change in expression.
Perinatal changes in relative composition of aortic and mitral valves
The degree of expression of multiple matrix components, such as BGN, HARE, and elastin, was similar between AVs and MVs within the 3rd-trimester group but then became different within the 2-day-old group (Fig. 6) . Similarly, although the expression of VC in AVs and MVs were different within the 3rd-trimester age group, the difference between VC expression in AVs and MVs became greater within the 2-day-old age group. 
Location and colocalization of matrix components
As expected from adult heart valves, BGN and DCN demonstrated similar localization, predominantly to the fibrosa, although BGN staining was generally more diffuse. Versican was generally enhanced in the spongiosa layer, as well as the elastin-rich layers (ventricularis and atrialis of MVs and ventricularis of AVs). Elastin showed very distinct, often nearly linear localization to the ventricularis of the AVs and atrialis of the MVs, along with a much thinner line of distribution along the ventricularis of the MV and subendothelial outflow (aortic side) of the AVs. Elastin distribution was spread throughout more of the thickness of the leaflet in the midleaflet and free edge. Procollagen III demonstrated a similar distribution as Col I, although Col III staining was more diffuse. Prolyl 4-hydroxylase was generally more diffuse than both Col I and Col III. Hyaluronan receptor for endocytosis was often localized to the fibrosa in both MVs and AVs (Fig. 7A) . Periostin, which appeared to colocalize with Col I, was also concentrated in the fibrosa in both MVs and AVs (Fig. 7A ). Matrix metalloproteinase 13 expression was also colocalized with Col I (Fig. 7B ). Although before birth HARE tended to be more diffusely expressed throughout the layers of the leaflet, HARE expression after birth appeared to be localized to the fibrosa (Fig. 8 ). This increased localization of staining with birth was commonly seen with a number of matrix components. Lysyl oxidase, which is involved in crosslinking of collagen and elastic fibers, demonstrated relatively diffuse staining in both valves and age groups (Fig. 7B ). In both valves and age groups, TGFb and CD44 demonstrated diffuse staining, without notable layer or region-specific localization ( Fig. 9 ).
Statistical correlations between the intensities of different matrix components within certain layers and regions of the MVs and AVs gave further insight into the interrelated roles of these components in perinatal valves. For instance, consistent with the common functions of BGN and DCN, in the fibrosa of the AVs, BGN was correlated with DCN (annulus, r 5 0.864, P 5 0.0057; midleaflet, r 5 0.794, P 5 0.0038). Similarly, consistent with the common roles of BGN and P4H in collagen fibrillogenesis, BGN was correlated with P4H in the midleaflet fibrosa of the AVs (r 5 0.794, P 5 0.0038). In the ventricularis layer of the AVs, Col I was correlated with HARE in the annular region (r 5 0.907, P 5 0.0019) and with P4H in the midleaflet region (r 5 0.83, P 5 0.0056). In the annular fibrosa of the MVs, elastin was correlated with Col III (r 5 0.894, P 5 0.0066).
DISCUSSION
This histologic and immunohistochemical study showed that the composition and structure of the aortic and mitral valves change with birth, although these changes were more evident in the AVs than in the MVs. In general, perinatal changes in valve structure included increased delineation of leaflet layers and abundance of saffronstained collagen. Perinatal changes in valve composition, found solely in the AVs, included increases in proteins related to turnover of elastic fibers and decreases in proteins and receptors related to collagen and HA turnover. These changes could have important functional consequences, as well as clinical implications.
Perinatal changes in aortic and mitral valve structure and composition
The AVs and MVs appeared relatively similar before birth and became more distinct with birth. Although the AVs demonstrated numerous structural and compositional changes perinatally, including an increase in leaflet layer delineation, an increase in intensity of saffron-staining collagen, and an increase in the proportion of leaflet thickness comproed of saffron-staining collagen, all were evident in the AVs; only an increase in delineation with birth was evident in the MVs. Additionally, compositional changes with birth were almost exclusively only evident in the AVs, not the MVs. This greater change in AV composition and structure with birth compared with MV composition and structure could relate to greater change in the hemodynamic environment of the AVs, as opposed to the MVs, with birth. The hemodynamic environments (ie, blood flow velocities, afterload pressures) of the 2 valves are relatively similar in the fetal circulation [1, 38] . At birth, however, the diastolic pressure borne by the AV increases by 51%, whereas the MV must bear a 23% greater diastolic pressure [2] . Thus, the mechanosensitive valves may be demonstrating levels of remodeling that are consistent with their changing mechanical environments.
Indeed, a large body of research in adult valves has examined the roles of specific mechanical factors in valve biology and remodeling. The role of pressure in AV composition has been studied in the ex vivo setting, where it was demonstrated that elevated static pressure caused an increase in collagen synthesis [18] whereas cyclic pressure evoked a magnitude and frequency dependent response in valve composition [17] . The effect of pressure on valve cells has also been implicated in modulation of cell phenotype and matrix synthesis based on differences in transvalvular pressures across the AV and pulmonic valve. Aortic valvular interstitial cells were found to be stiffer and contain more smooth muscle alpha-actin and heat shock protein 47 (a marker of collagen synthesis) than valvular interstitial cells from the pulmonic valve [8] . In addition, Platt and colleagues [19] found that the application of shear stress to intact AV leaflets decreased the expression of cathepsins but increased the expression of MMPs. The effect of strain on adult AV leaflets and valvular interstitial cells has been extensively studied and found to affect collagen, MMP, and glycosaminoglycan production in a magnitude and frequency dependent manner [16, [39] [40] [41] [42] [43] .
Although collagen synthesis (as shown by P4H expression) and Coll I content decreased in the AV midleaflet with birth, it is interesting to note that the collagen in the fibrosa of 2-day-old valves appeared more aligned and mature, as evidenced by greater intensity and proportion of Movat saffron-staining collagen. Additionally, the collagen-remodeling enzyme MMP13 increased with birth in the MVs and was localized to the fibrosa layer. Taken together, these results suggest that although less collagen is being produced immediately after birth, the collagen undergoes significant remodeling with birth as it becomes more mature and aligned. Ex vivo studies in which the AV was subjected to mechanical stimulation have demonstrated greater MMP expression with cyclic strain [41] , as well as thicker, more aligned collagen fibers [9] . Alterations in the ratio of Col III to Col I have also been noted in cardiac remodeling, such as dilated cardiomyopathy [44] [45] [46] , although a consensus has not been reached as to the exact nature of these changes and their implications.
Regional heterogeneity in perinatal changes in valve composition
Perinatal changes in valve composition were predominantly found in the midleaflet, as opposed to in the annular region of the valve. This regional heterogeneity could be attributed to the greater impact of the perinatal hemodynamic changes on the midleaflet region. More specifically, the myocardial anchorage of the annular region of the leaflet may partly shield that region from hemodynamic changes. In addition, the annular region can transduce forces to the myocardium, whereas the midleaflet does not have this anchorage. Greater compositional changes in the midleaflet, as opposed to the annular region of the leaflet, have also been observed in other animal models of altered hemodynamics [7] .
Localization of matrix components within aortic and mitral valves
Hyaluronan receptor for endocytosis, also known as stabilin-2, was localized to the fibrosa of the 2-day-old valves. Although HARE has been previously demonstrated in adult mouse valves [47, 48] and human adult normal and myxomatous mitral valves [49] , its function in valves remains enigmatic. In 1 relevant study in mice, HARE was reported to be absent during development but present in the postnatal murine heart; in these murine valves, HARE was found limited to the valvular endothelium [48] . Another study, however, demonstrated HARE throughout the valve thickness in adult mice [47] . In general, the predominant role of HARE is considered to be HA metabolism, that is, the removal of HA from the bloodstream or extracellular space. Given the involvement of HA in valvulogenesis [35] and the observed decrease in HA during atrioventricular endocardial cushion development in chicks [15] , it is not surprising that HA metabolism would change during valve development and that the abundance of HARE would decrease with birth. However, the localization of HARE to the fibrosa layer and its colocalization with collagen in postnatal valves may be more related to other binding sites within the HARE molecule; HARE is known to bind to procollagen [50] , although the purpose of this binding in the context of valves is unclear. Hyaluronan receptor for endocytosis can also mediate both heterophilic [51] and homophilic cell-cell interactions [52] , and HA binding to HARE triggers intracellular extracellular signal-regulated kinase activation [53] ; these results suggest that HARE enables cells to sense matrix turnover. Furthermore, considering the many binding sites for diverse molecules along its length [54] , HARE could potentially act as a scaffolding protein providing structure for and promoting interaction between these molecules. Clearly, the roles of HARE are diverse, meaning broader than HA metabolism alone, and many of these roles have yet to be elucidated, especially in the context of heart valves. Although CD44, one of the cellular receptors for HA, did not demonstrate a change in abundance with birth, the receptor activity of CD44 could have changed while expression levels remained relatively constant. There are also a number of other cell surface receptors for HA and other proteins involved in HA metabolism that could be changing during this period.
The colocalization of periostin with collagen in the fibrosa seen in this study is consistent with studies demonstrating that periostin directly binds Coll I and is involved in collagen fibrillogenesis [29] . Several other studies have also demonstrated the location of periostin in AVs and MVs, both during development and in mature valves. In a report of murine embryologic development, periostin showed widespread expression in the AV but greater expression in the atrial aspect (elastic layer) of the MV [55] . In adult mice, however, 2 studies have demonstrated periostin expression localized within the collagenous fibrosa layer of the AV and MV [55, 56] . During chick embryologic development, periostin was found in the ventricular aspect of the MV (the fibrosa), but the AV showed lower expression relative to the MV [57] . In general, an increase in periostin with birth would be consistent with the role of periostin in cardiac remodeling in response to increased mechanical stimulation [31] .
The localization of collagens and proteoglycans corroborate previous studies of different aged human and porcine MVs and AVs. Procollagen III, a reticular collagen [58] , demonstrated more diffuse staining than Col I, as previously reported in human MVs and AVs [59] . The finding that P4H, a marker of collagen synthesis, was more diffusely present than either collagen and was even found outside the fibrosa layer is consistent with previous evidence that collagen turnover is not limited to the fibrosa layer in porcine AVs and MVs [13] . The enhanced staining of BGN and DCN in the fibrosa is also consistent with previous studies [14] and supports the role of these proteoglycans in collagen integrity [60, 61] . The change in DCN expression could have affected collagen fiber diameter, given the known role that DCN plays in regulating collagen fiber diameter during collagen fibrillogenesis [60, 62] . The localization of VC in the spongiosa and elastin-rich regions also corroborates previous reports in porcine valves [14] and supports a role for VC in elastic fiber homeostasis [33] . Lysyl oxidase staining, which was relatively diffuse in the valves, suggested ongoing maturation of nascent matrix throughout the leaflet in both age groups.
Proposed functional consequences of valve structural and compositional changes
These observed valve compositional and structural changes likely affected the leaflet tissue and overall function. The increase in leaflet layer delineation, which is consistent with previous studies [13] , would reduce flexural stress [63] . The increase in elastin would aid in valve flexion and elastic recoil, as well as maintain proper collagen fiber configuration [64] . The increase in collagen maturation would result in greater tensile strength, allowing the valve to withstand the perinatal increase in pressures. A recent study by Balguid and colleagues [65] elegantly demonstrated a positive correlation between collagen cross-linking and tensile elastic modulus in the adult AV. Additionally, our lab has recently demonstrated that an increase in AV and MV tensile strength with postnatal age was associated with an increase in the amount of Movat saffron-staining collagen [66] . The role of decreased HA turnover with birth, as suggested by HARE expression, is less clear. Hyaluronan has numerous roles, both biologic and mechanical [67, 68] , and the derangement of its regulation has been implicated in several pathologies in a variety of tissues, including valves [49] . Therefore, alterations in HA metabolism observed with birth could have important biologic and mechanical consequences, although the exact nature of those remain to be determined. Similarly, perinatal changes in abundance and localization of proteoglycans could affect tissue mechanics, collagen homeostasis, cell signaling, growth factor regulation, and cell phenotype regulation. For example, DCN sequesters TGFb [32] , a growth factor that modulates valve cell phenotype [69] , is implicated in a number of valve diseases, including myxomatous mitral valve disease [70] . Indeed, previous studies have demonstrated the colocalization of DCN with TGFb in porcine valves [14] , although in this set of valves TGFb staining was found to be relatively diffuse. The proteoglycan VC is commonly found to be upregulated in disease states, as well as development [32] , and given its role in elastic fibrillogenesis, the perinatal increase in VC could directly relate to the increase in elastin content with birth found in this study [33] . Greater elastin could result in functional changes in leaflet bending properties as the leaflet adapts to the altered hemodynamics. Clearly, further study is required to better understand the functional consequences of these perinatal compositional and structural changes.
Implications
These data regarding the perinatal development of heart valves have several implications. First, as work continues to develop tissue-engineered heart valves, a broad characterization of valve composition will be necessary to provide design criteria for valves for neonates. This age group is of particular interest given the large number of congenital heart disease patients, who often undergo neonatal surgical repair procedures. Additionally, if the perinatal hemodynamic changes do not occur normally, such as is the case in congenital heart disease, valve composition may be affected, which could in turn affect valvular cell phenotype and subsequent valvular maturation. Therefore, the results of this study suggest a potential mechanism for causing or contributing to the compositional and structural abnormalities observed in congenital valve disease. As illustrated by a representative example in Figure 10 , these congenitally diseased valves typically lack a layered leaflet structure and a mature collagenous fibrosa layer and tend to be enriched in glycosaminoglycans. Further characterization of these compositional abnormalities in congenitally diseased valves is currently under way in this laboratory. Lastly, these results could also have implications for the timing of surgical intervention in this patient population, in that early restoration of normal neonatal hemodynamics may promote normal development of valve composition and function.
Study limitations
Although there were numerous statistically significant findings within this work, certain limitations must be mentioned. Samples were analyzed using immunohistochemistry, a powerful and appropriate method for examining both the abundance and localization of valve matrix components. However, this method is limited by some inherent variability in the staining technique, which in our hands has been quantified to be approximately 14% [7] . To diminish the effect of this variability on our results, multiple samples were taken from each valve and multiple sections cut from each sample were stained; the results were averaged. In addition, there are numerous other aspects of extracellular matrix maturation that should be addressed in future studies, such as collagen cross-linking and fiber diameter, that will further elucidate the nature of remodeling within the perinatal period. Furthermore, it will also be important to translate experimental mechanobiology studies, examining the effect of specific mechanical factors on the observed valve remodeling, from the time frame of adult valves to the perinatal and pediatric periods. This study also used an animal model; however, porcine valves are considered to be anatomically excellent animal models for human valves [71] and indeed are commonly used as animal models for human valve biology and mechanics [72] . Lastly, some of the observed perinatal changes in the tissues may have been due to changes in the biologic milieu, such as circulating growth factors, cytokines, and even inflammatory mediators. Further study is warranted to understand the contribution of these other factors on valve remodeling with birth. In the future, it will also be necessary to elucidate the functional consequences of this perinatal valve remodeling and investigate how altered hemodynamics may relate to the altered valve structure and composition observed in congenital valve disease.
CONCLUSIONS
This study demonstrated that AVs and MVs undergo significant remodeling with birth, including increased leaflet layer delineation and alignment of collagen, as well as changes in the amount of collagen turnover, HA metabolism, elastin, and proteoglycans. These perinatal changes were more pronounced in AVs than in MVs, consistent with greater hemodynamic changes experienced by AVs. These results contribute to a growing body of evidence that the valve dynamically adapts to its mechanical environment. Future study is warranted to examine the functional consequences of these changes, especially for patients with congenital valve disease.
